Salmonella enterica subsp. enterica serotype Enteritidis BM4361 and BM4362 were isolated from the same patient. BM4361 was susceptible to aminoglycosides, whereas BM4362 was resistant to tobramycin owing to synthesis of a 6-N-acetyltransferase type I [AAC(6)-I]. Comparative analysis of nucleotide sequences, pulsedfield gel electrophoresis patterns, and Southern hybridizations indicated that the chromosomal aac(6)-Iy genes for the enzyme in both strains were identical and that BM4362 derived from BM4361 following a ca. 60-kb deletion that occurred 1.5 kb upstream from the resistance gene. Northern hybridizations showed that aac(6)-Iy was silent in BM4361 and highly expressed in BM4362 due to a transcriptional fusion. Primer extension mapping identified the transcriptional start site for aac(6)-Iy in BM4362: 5 bp downstream from the promoter of the nmpC gene. Study of the distribution of aac(6)-Iy by PCR and Southern hybridization with a specific probe indicated that the gene, although not found in S. enterica subsp. arizonae, was specific for Salmonella. In this bacterial genus, aac(6)-Iy was located downstream from a cluster of seven open reading frames analogous to an Escherichia coli locus that encodes enzymes putatively involved in carbohydrate transport or metabolism. This genomic environment suggests a role in the catabolism of a specific sugar for AAC(6)-Iy in Salmonella.
Bacterial resistance to aminoglycosides is mainly due to enzymatic detoxification of the drugs. The corresponding genes are often part of plasmids (11) or transposons (17) , a structural feature which accounts for the dissemination of resistance. However, in recent years, a number of aminoglycoside resistance genes, in particular those encoding acetyltransferases, were found to be chromosomal and species specific both in gram-negative (33) and gram-positive bacteria (10) , including mycobacteria (1) . The presence of these genes does not correlate with resistance since they are often weakly expressed or not expressed (24, 33) . Aminoglycoside resistance in these strains is usually secondary to increased gene expression following regulatory mutations (24) .
Acetyltransferases are involved in a variety of cellular processes including acetylation of ribosomal proteins (38) , of peptidoglycan (13) , and of numerous intermediates in sugar metabolic pathways (18) . To account for the diversity and ubiquity of aminoglycoside acetyltransferases, it has been proposed that certain of them were derived from enzymes involved in the primary or intermediary metabolism of bacteria (21, 23) . The first evidence for this notion came from the contribution of aminoglycoside acetyltransferase AAC(2Ј)-Ia to the O acetylation of the peptidoglycan in Providencia stuartii (20) .
Until now, aminoglycoside resistance by inactivation in Salmonella spp. was attributed to the acquisition of exogenous DNA (4, 16) . In this report, we have analyzed Salmonella enterica subsp. enterica serotype Enteritidis BM4361 and BM4362, which were isolated from the same patient and which differed in their susceptibilities to aminoglycosides. We have characterized the chromosomal aac(6Ј)-Iy gene in these strains and the molecular rearrangement responsible for its expression in the aminoglycoside-resistant strain BM4362. The distribution of this gene in the Salmonella genus and its genomic environment suggest that its product may play a physiological role in sugar metabolism.
MATERIALS AND METHODS
Strains and growth conditions. The strains used in this study are listed in Table 1 . S. enterica subsp. enterica serotype Enteritidis BM4361 and BM4362 were isolated in 1996 from stool cultures of a patient at the Saint-Michel Hospital in Paris, France. The strains were grown in brain heart infusion broth and agar (Difco Laboratories, Detroit, Mich.) at 37°C. Antibiotic susceptibility was tested by disk diffusion on Mueller-Hinton agar (Sanofi Diagnostics Pasteur, Marnes-la-coquette, France). The MICs of aminoglycosides were determined by the method of Steers et al. (34) .
Assay for aminoglycoside-acetylating enzymes. Crude bacterial extracts were obtained by ultrasonic disruption and ultracentrifugation, and aminoglycosideacetylating activity was searched for by the phosphocellulose paper-binding technique (14) .
DNA manipulations. Total DNA and the plasmid content of transformants were prepared as described previously (5) . Purification of plasmid DNA was performed by using the Wizard Minipreps DNA kit (Promega, Madison, Wis.). Restriction by endonucleases was according to the supplier's recommendations (Life Technologies Inc., Gaithersburg, Md.). Extraction of DNA fragments separated by agarose gel electrophoresis was carried out by using the Sephaglas BandPrep kit (Pharmacia Biotech, Saint-Quentin-en-Yvelines, France).
PCR was performed in a GeneAmp PCR system 2400 (Perkin-Elmer Cetus, Norwalk, Conn.) with Pfu DNA polymerase (Stratagene, La Jolla, Calif.) according to the manufacturer's recommendations. Annealing steps were performed at 55°C with specific primers (Unité de Chimie Organique, Institut Pasteur, Paris, France).
For Southern hybridization, DNA fragments were transferred from agarose gel to Hybond N ϩ membrane (Amersham International, Little Chalfont, Buckinghamshire, England) by vacuum with a Trans Vac TE80 apparatus (Hoefer Scientific Instruments, San Francisco, Calif.). The amplification products used to generate the probes (Table 2) were labeled with [␣-
32 P]dCTP (3,000 Ci/mmol; Amersham Radiochemical Center, Amersham, England) by using a nick translation kit (Amersham). Prehybridization and hybridization were performed under high-(65°C) or low-stringency (45°C) conditions (28) .
Preparation and digestion of embedded DNA in a 1% agarose block were performed as described previously (19) . Large restriction fragments were separated by pulsed-field gel electrophoresis (PFGE) according to the recommenda-tions of the supplier of the Autobase system for zero-integrated-field gel electrophoresis (TechGen, les Ulis, France).
Cloning and sequencing. PCR products were cloned into pCR-Blunt vector (Zero Blunt cloning kit; Invitrogen Corp., San Diego, Calif.), pUC19, or pSU19 (7), and chromosomal DNA fragments were cloned into pUC18 (Table 1) . Ligation reactions were performed with T4 DNA ligase (Pharmacia). Transformation of Escherichia coli was performed as described previously (28) . Antibiotic concentrations for selection were as follows: ampicillin, 100 g/ml; tobramycin, 8 g/ml; kanamycin, 50 g/ml; chloramphenicol, 12 g/ml. When required, transformants were screened by dot blot hybridization. DNA was immobilized on Biotrans nylon membranes (ICN Pharmaceuticals Inc., Costa Mesa, Calif.) and hybridized with probes at 65°C as described previously (28) . Sequencing reactions were performed by the dideoxynucleotide chain termination method (30) with T7 DNA polymerase (Pharmacia) and ␣-35 S-dATP (400 Ci/mmol; Amersham Radiochemical Center). DNA fragments were resolved by electrophoresis on 6% vertical polyacrylamide gel with the Genomyx system (Beckman Instruments, Inc., Palo Alto, Calif.).
RNA techniques. Total RNA was extracted from BM4361 and BM4362 grown to an optical density at 600 nm of 0.7, separated by electrophoresis on a formaldehyde agarose gel, transferred to a Hybond N ϩ membrane, and hybridized as described previously (2) . Washes were performed twice with 1ϫ SSC (0.15 M NaCl plus 15 mM sodium citrate)-0.1% sodium dodecyl sulfate (SDS) at room temperature and twice with 0.1ϫ SSC-0.1% SDS at 37°C, each for 20 min.
For primer extension, oligodeoxynucleotide O4 was 5Ј-end labeled with [␥-32 P]ATP (6,000 Ci/mmol; Amersham Radiochemical Center) and T4 polynucleotide kinase (Amersham), 10 5 cpm was incubated with 50 g of RNA overnight at 30°C, and extension was performed with 40 U of avian myeloblastosis virus reverse transcriptase (Boehringer, Mannheim, Germany) for 90 min at 42°C as described previously (2) . Primer elongation products were analyzed by electrophoresis on 6% denaturating polyacrylamide gels.
Computer analysis of sequence data. Nucleotide and amino acid sequence data were analyzed with the GCG sequence analysis software package, version 7 (Genetics Computer Group, Madison, Wis.). The GenBank and SwissProt databases were screened for sequence similarities.
Nucleotide sequence accession numbers. The 5,327-bp sequence of BM4361 and the 4,819-bp sequence of BM4362 have been deposited in the GenBank data library (Los Alamos, N. Mex.) under accession no. AF144880 and AF144881, respectively.
RESULTS AND DISCUSSION
Phenotypes of S. enterica subsp. enterica serotype Enteritidis BM4361 and BM4362 towards aminoglycosides. S. enterica subsp. enterica serotype Enteritidis BM4361 and BM4362 were isolated from the same patient. Strain BM4361 was susceptible to aminoglycosides, whereas BM4362 was resistant to tobramycin and dibekacin and had reduced susceptibility to netilmicin and amikacin (Table 3) . Extracts from BM4361 were devoid of aminoglycoside acetyltransferase activity, whereas gentamicin C1a, dibekacin, amikacin, and 2Ј-N-ethylnetilmicin were acetylated by BM4362 extracts (data not shown). Since gentamicin C1a and 2Ј-N-ethylnetilmicin were modified and gentamicin C1 and 6Ј-N-ethylnetilmicin, each of which has a substitution at the 6Ј position, were not, the 6Ј amino group appears to be the site of acetylation. Thus, the resistance phenotype and the enzymatic substrate profile for BM4362 were (Fig. 1) . MICs and the acetyltransferase substrate profile indicated that pAT703 conferred aminoglycoside resistance on the new host by synthesis of an AAC(6Ј)-I enzyme (data not shown). Nucleotide sequence analysis of the insert revealed three adjacent open reading frames (ORFs) (Fig. 1) . A search of GenBank indicated that the main part of the central ORF was homologous to aac(6Ј)-I genes. A fragment delimited by the ATG and TGA codons at positions 3034 and 3469 (numbering in accordance with that for the sequence with GenBank accession no. AF144881) within this ORF was amplified by PCR from BM4362 DNA with oligodeoxynucleotides O1 and O2 and cloned into the SmaI site of pUC19, downstream from a ribosome binding site (RBS) and under the control of the plac promoter. The resulting recombinant plasmid, pAT711 ( Fig. 1 ; Table 1 ), conferred to E. coli JM83 resistance to the expected set of aminoglycosides (Table 3) by production of a 6Ј-acetylating activity, which confirms that expression of this coding sequence, designated aac(6Ј)-Iy, was responsible for the aminoglycoside resistance of BM4362. Comparison of the deduced AAC(6Ј)-Iy sequence with those of proteins in the databases indicated that the closest enzyme, with 60% identity, was AAC(6Ј)-If, encoded on a plasmid in Enterobacter cloacae (35) . The percentages of identity to the other AAC(6Ј)-I sequences found in gram-negative bacteria ranged from 40 to 50%.
Characterization of aac(6)-Iy in BM4361. The aac(6Ј)-Iy gene was detected in aminoglycoside-susceptible strain BM4361 by Southern hybridization with aac(6Ј)-Iy-specific probe A ( Table 2 and data not shown). Nucleotide sequence determination of the PCR product obtained from BM4361 total DNA with primers O1 and O2 indicated perfect identity with the resistance gene in BM4362. These data suggest that the phenotypic change between BM4361 and BM4362 involved expression of the aac(6Ј)-Iy gene.
Comparison of the genomic environments of aac(6)-Iy in BM4361 and BM4362. The regions flanking the aac(6Ј)-Iy gene in BM4361 and BM4362 were studied by cloning overlapping purified PCR products and total DNA fragments, screened with probes B1 and B2 ( Fig. 1; Table 2 ), which were then partially or entirely sequenced. Recombinant plasmids pAT713, pAT714, and pAT715 were used to determine the sequence of 3,534 contiguous base pairs upstream from aac(6Ј)-Iy in BM4361 (Fig. 1) . A search for stop codons in the three reading frames of each DNA strand identified five ORFs with the same orientation as that of aac(6Ј-Iy, the upstream one being truncated at its 5Ј end by the SspI cloning site. They had, from 5Ј to 3Ј, 78, 78, 74, 65, and 78% identity to the 3Ј portion of sgcC and the sgcQ, sgcA, sgcE, and sgcR genes of E. coli K12, respectively (9) . These ORFs were named sgcC s , sgcQ s , sgcA s , sgcE s , and sgcR s , respectively.
A BM4362 chromosomal region of 4,819 bp, including aac(6Ј)-Iy, was sequenced with plasmids pAT703 and pAT712 (Fig. 1) , and four contiguous ORFs were identified. Two were located upstream from aac(6Ј)-Iy and were transcribed in the same direction. The ORF immediately upstream from aac(6Ј)-Iy corresponded to the sgcR s gene. Comparative analysis of the second ORF revealed a hybrid sequence with 721 bp at the 5Ј end corresponding to the 5Ј end of the nmpC gene from Salmonella (15) and 625 bp at the 3Ј end composed of 32 bp from the 3Ј end of sgcA s , 11 bp intergenic to sgcA s and sgcE s , and the entire sgcE s gene. The partially characterized nmpC gene (15) is located at 38.7 centisomes on the genetic map of S. enterica subsp. I serotype Typhimurium (29) . The E. coli nmpC homologue was characterized as a cryptic porin gene (22) Fig. 1 ) in opposite orientation relative to aac(6Ј)-Iy and encoding a protein with a C-terminal part 40% identical to that of E. coli L-lactate dehydrogenase was identified downstream from the IR sequence. In BM4361, the region downstream from aac(6Ј)-Iy was found by PCR to be similar to that in BM4362 (data not shown).
In summary, a genomic alteration between BM4361 and BM4362 upstream from aac(6Ј)-Iy was characterized. In BM4361, aac(6Ј)-Iy was distal to the sgc s cluster, which is homologous to the sgc cluster of E. coli K12 located at min 97.6. This cluster was truncated in BM4362 by a recombination event which generated a fused ORF between the nmpC and the sgcE s genes.
Characterization of a chromosomal deletion in BM4362. Total DNA from BM4361 and BM4362 restricted with XbaI was separated by PFGE and analyzed by Southern hybridization with aac(6Ј)-Iy probe A and nmpC 5Ј end probe C (Fig. 2 , Table 2 ). The two probes hybridized with single bands of 250 kb in BM4361 and of 190 kb in BM4362, indicating that BM4362 suffered a ca. 60-kb deletion internal to the 250-kb chromosomal fragment carrying both nmpC and aac(6Ј)-Iy. The sgcQ s -specific probe F (Table 2) hybridized with the 250-kb fragment from BM4361 but not with the 190-kb band from BM4362, showing that sgcQ s was included in the deletion (data not shown). The recombination event in BM4362 therefore appears to be the result of a deletion.
Transcriptional analysis of the aac(6)-Iy gene. Total RNA from BM4361 and BM4362 was extracted from exponentially growing cells and analyzed by Northern hybridization with aac(6Ј)-Iy probe A (Fig. 3A) . The lack of a detectable transcript in aminoglycoside-susceptible BM4361 indicated that aac(6Ј)-Iy was weakly expressed or not expressed in this strain. By contrast, a major transcript of approximately 2,700 nucleotides which cohybridized with nmpC 5Ј end probe C (Table 2) was detected in BM4362, indicating that aac(6Ј)-Iy and the nmpC-sgcE s hybrid ORF were cotranscribed. This result also suggests that, in BM4361, expression of aac(6Ј)-Iy probably relied on the sgc cluster since there was no transcriptional termination signal upstream from aac(6Ј)-Iy. Lack of a transcript hybridizing with probes D and E ( Fig. 3C and D Table 2 ). The sizes of the transcripts relative to the RNA molecular weight marker I were determined (Boehringer). (Fig. 4B ), complementary to the 5Ј end of nmpC, was used as a primer for extension mapping. The 184-bp DNA fragment generated allowed exact positioning of the transcriptional start site (Fig.  4A) . The Ϫ35 (TTGAAC) and Ϫ10 (TAAAAA) 70 recognition sequences, separated by 17 bp, which formed the nmpC promoter (Fig. 4B) were then located by a computer search.
In addition, a ca. 1,200-nucleotide fragment corresponding in length to nmpC was detected in BM4361 by Northern hybridization with probe C (Fig. 3B) , indicating that the gene was expressed in this strain, as opposed to being expressed in E. coli (6, 22) . In order to test if aminoglycoside sensitivity in BM4362 was unaffected by loss of the NmpC porin, the corresponding gene and its RBS were amplified from BM4361 DNA and cloned into the HindIII site of pSU19 under the control of the plac promoter (Table 1) . Strain BM4362 was then transformed with DNA of the resulting recombinant plasmid, pAT718. MICs of selected aminoglycosides for BM4362 and BM4362/ pAT718 grown on medium containing IPTG (isopropyl-␤-Dthiogalactopyranoside) (Table 3 ) indicated that NmpC had no effect on the aminoglycoside susceptibility of the host.
It thus appears that aac(6Ј)-Iy was cryptic in BM4361 and that its expression in BM4362 leading to aminoglycoside resistance was due to a transcriptional fusion secondary to a chromosomal deletion in which the downstream aac(6Ј)-Iy gene was placed under the control of the upstream nmpC promoter.
Distribution of the aac (6) Salmonella bongori was formerly subspecies V of S. enterica, the only species of the genus. More recently, S. bongori strains were found to be the most divergent forms of Salmonella and thus were elevated to the species level (32) . Since aac(6Ј)-Iy was present in both S. enterica and S. bongori, the gene must have appeared early in the evolution of the genus. In addition, the fact that aac(6Ј)-Iy was retained during evolution suggests a cellular function apart from aminoglycoside resistance for AAC(6Ј)-Iy. Nevertheless, aac(6Ј)-Iy does not appear to be essential since it is absent from S. enterica subsp. arizonae.
In conclusion, we have detected and characterized the cryptic aac(6Ј)-Iy gene endogenous to the Salmonella genus. In the deletion derivative BM4362, this gene was activated by a transcriptional fusion which led to aminoglycoside resistance. The genetic organization upstream from the aac(6Ј)-Iy gene ( Fig.  1 ) and the transcriptional study of this gene in BM4362 (Fig.  3A) suggest that it is part of the sgc s cluster. The sequence of the homologous sgc locus in E. coli, which consists of seven ORFs, has been recently determined and analyzed (25, 26) . Although the function of the deduced products remains unknown, they are related to enzymes involved in carbohydrate transport or metabolism. The gene organization, from 5Ј to 3Ј, is sgcX encoding a homologue of FrvX, a protein of E. coli with an unknown function; sgcB and sgcC encoding homologues of galactitol-specific enzymes IIB and IIC of the phosphotransferase system (PTS), respectively; sgcQ encoding a protein with no homology to any sequence in the databases; sgcA encoding a protein homologous to the mannitol-and fructose-specific enzyme IIA of the PTS; sgcE encoding a pentulose-5-phosphate-3-epimerase homologue; and sgcR encoding a putative transcriptional regulatory protein which possesses the helixturn-helix binding DNA motif of the DeoR family proteins. Interestingly, no aac(6Ј) gene is present at the 3Ј extremity of this gene cluster in E. coli. The chromosomal environment of aac(6Ј)-Iy in Salmonella strongly suggests that the gene may play a physiological role in specific environmental conditions. Based on homology, the sgc cluster appears to deal with reception, transport, and degradation of a specific carbohydrate, presumably a pentose or a pentitol, and it is conceivable that the AAC(6Ј)-Iy activity may be part of this catabolic pathway. However, secondary functions attributed more recently to the PTS, including various ramifications of metabolic and transcriptional regulation (27) , could also be envisaged for sgc. Whatever its true role, aac(6Ј)-Iy may turn out to be an interesting tool, as a reporter, to study the expression of the sgc s cluster in Salmonella.
